Productive infection by adeno-associated virus type 2 (AAV) requires coinfection with a helper virus, e.g., adenovirus or herpesviruses. In the case of adenovirus coinfection, the replication machinery of the host cell performs AAV DNA replication. In contrast, it has been proposed that the herpesvirus replication machinery might replicate AAV DNA. To investigate this question, we have attempted to reconstitute AAV DNA replication in vitro using purified herpes simplex virus type 1 (HSV-1) replication proteins. We show that the HSV-1 UL5, UL8, UL29, UL30, UL42, and UL52 gene products along with the AAV Rep68 protein are sufficient to initiate replication on duplex DNA containing the AAV origins of replication, resulting in products several hundred nucleotides in length. Initiation can occur also on templates containing only a Rep binding site and a terminal resolution site. We further demonstrate that initiation of DNA synthesis can take place with a subset of these factors: Rep68 and the UL29, UL30, and UL42 gene products. Since the HSV polymerase and its accessory factor (the products of the UL30 and UL42 genes) are unable to efficiently perform synthesis by strand displacement, it is likely that in addition to creating a hairpin primer, the AAV Rep protein also acts as a helicase for DNA synthesis. The single-strand DNA binding protein (the UL29 gene product) presumably prevents reannealing of complementary strands. These results suggest that AAV can use the HSV replication apparatus to replicate its DNA. In addition, they may provide a first step for the development of a fully reconstituted AAV replication assay.
Adeno-associated virus type 2 (AAV), a member of the parvovirus family, contains a single-stranded genome of 4,679 bases. The genome of AAV contains two open reading frames, one coding for the replication (Rep) proteins and the other coding for the structural proteins. The Rep proteins are designated Rep78, Rep68, Rep52, and Rep40 according to their apparent molecular weights. They are produced by the use of different transcriptional start sites and splicing patterns. Either Rep68 or Rep78, both of which possess origin binding, helicase, ATPase, and strand-and site-specific nicking activities, is absolutely required for the replication of AAV DNA. The Rep proteins are the only AAV proteins involved in AAV DNA replication, necessitating that most replication functions must be provided by non-AAV proteins. The ends of the AAV genome contain identical origins of DNA replication. Each origin consists of an inverted terminal repeat (ITR) capable of complementary intrastrand base pairing to form a hairpin, thereby providing the replication apparatus with a primer terminus. The hairpin primers can be recreated indefinitely by the process called terminal resolution, which consists of site-specific nicking at the terminal resolution site (TRS), followed by strand displacement synthesis from the nick towards the end of the genome. The newly synthesized double-stranded ITR can then fold back and serve as a primer for synthesis of full-length genomes (reviewed in reference 2). The AAV Rep protein appears to be involved in all of these functions (4, 16, 19, 30, 42) .
A curious feature of the biology of AAV is that productive infection generally requires that a helper virus, either adenovirus or a member of the herpesvirus family (reviewed in reference 2), simultaneously or subsequently infect the AAVinfected cell. There are, however, some observations illustrating that AAV may not be completely dependent on a helper virus. It has been shown that limited production of AAV can be achieved upon AAV infection of tissue culture cells that have been treated with DNA-damaging agents such as UV light, hydroxyurea, X rays, and alkylating substances (39, 40, 41) . More recently, productive infection by AAV has been observed in epithelial cells maintained in raft culture (25) . These cultures were apparently uninfected by any of the known helper viruses. It is also worth noting that AAV DNA can be replicated in extracts from HeLa cells which have not been infected by a helper virus, provided that Rep is supplied (26, 33) .
The molecular mechanisms by which helper viruses promote AAV replication vary. The major effect that adenovirus exerts on AAV replication appears to be on gene expression and on promoting the entry of cells into S phase. It has, for example, been demonstrated that the synthesis of the AAV DNA in cells infected with adenovirus is mediated by the cellular replication machinery and not by the adenovirus polymerase (26, 27) . One adenovirus protein is apparently directly involved in AAV DNA replication. The adenovirus single-strand DNA binding protein is found in cells at foci of AAV DNA replication and in vitro helps to stabilize single-stranded DNA during DNA synthesis (34, 36) .
The role of the herpes simplex virus (HSV) replication machinery in the synthesis of AAV DNA is less clear. It was shown by Handa and Carter (13) that the treatment of HSVand AAV-coinfected cells with phosphonoacetic acid (PAA), an inhibitor of the HSV polymerase, resulted in a reduction of both HSV and AAV DNA synthesis. This result raised the possibility that synthesis of the AAV DNA might be by the HSV polymerase.
The components of a minimal HSV replication machine (replisome) were identified by Challberg and colleagues (6, 38) . They used selective transfection of HSV genes to demonstrate that in cell culture, replication of an HSV origin-containing plasmid could be achieved with only seven HSV genes. These were the genes coding for an origin binding protein (UL9), a single-strand DNA binding protein (UL29), a polymerase (UL30) and its accessory factor (UL42), and a helicaseprimase complex (UL5, UL52, and UL8) (reviewed in reference 22).
Transfection of actively dividing HeLa cells with these seven plasmids encoding the HSV type 1 (HSV-1) replication proteins efficiently promoted synthesis of AAV DNA as well as the production of infectious particles (35) . The contribution made by the individual replication proteins was also addressed. The HSV-1 origin binding protein, UL9, was not needed. The DNA polymerase, UL30, and its processivity factor, UL42, were also dispensable. In contrast, components of the helicase-primase complex, UL5, UL8, and UL52, as well as the single-strand DNA binding protein, UL29, were required (35) . The interpretation of these findings is not straightforward. One would like to imagine that the HSV-1 replisome, which in itself is capable of processive and coupled synthesis of leading and lagging strands, would remain intact also during replication of AAV DNA. However, it is possible that individual components can be utilized for strand displacement synthesis together with AAV Rep and cellular enzymes.
HSV infection typically occurs in nondividing cells, and unlike adenovirus, rather than directing the host cells towards S phase, HSV down regulates host cell functions (28) . It would seem that if, in this case, HSV is to serve as a helper for AAV replication, then AAV must be able to either replicate its DNA with the HSV replisome or induce a reversal of the normal HSV down regulation of host cell functions. Therefore, the question of whether in the absence of cellular replication functions AAV can use the HSV replisome to replicate its DNA remains significant.
Here we have examined replication of AAV DNA in vitro using highly purified HSV-1 replication proteins, AAV Rep68, and double-stranded template DNA containing the AAV origin of DNA replication. Our results demonstrate that AAV Rep68 is required to promote origin-specific initiation of DNA synthesis in the presence of HSV-1 replication proteins. Interestingly, efficient synthesis of AAV DNA is also obtained in the presence of a subset of HSV-1 replication proteins consisting of the single-strand DNA binding protein, UL29, and the HSV-1 DNA polymerase and its accessory factor. The products formed on longer templates, however, were often of less than full length, indicating that DNA synthesis was nonprocessive.
Recombinant AAV is becoming increasingly important as a vector for gene therapy, and HSV-1 is being proposed as a helper virus in vector production (7, 8) . An understanding of the mechanisms by which AAV replicates in the presence of a helper virus should be useful in optimizing the efficiency and accuracy of vector production.
MATERIALS AND METHODS
DNA substrates. The plasmid used for these studies (pAV2DA) is derived from pAV2 and has been described previously (31) . pAV2 consists of the entire AAV2 genome inserted into a pBR derivative with BglII linkers (20) . The deletion construct pAV2DA(31) was made by digesting pAV2 at the DraIII (AAV nucleotide 235) and ApaI (AAV nucleotide 4045) sites. The construct was treated with T4 polymerase and circularized by religating. Replication substrates were produced by digestion with BglII, which released a duplex complete genome in the case of pAV2 and a duplex minigenome (mAAV) in the case of pAV2DA. pBS-AAV (29) was made by insertion of a double-stranded oligonucleotide equivalent to nucleotides 89 to 133 of AAV; i.e., it contains the Rep binding site (RBS) and the TRS between the XbaI and SalI sites of pBluescript KS(ϩ) plasmid (Stratagene). The plasmid was linearized by digestion at the XmnI site prior to use.
Proteins. HisRep68 contains six histidine residues fused to the amino-terminal end of the full-length Rep68 protein (29) . It was produced in Escherichia coli from a pET 15b vector (New England Biolabs) and purified according to the manufacturer's instructions. The proteins encoded by the HSV UL5, UL8, UL29, UL30, UL42, and UL52 genes were produced from stocks of recombinant Autographa californica nuclear polyhedrosis virus and purified as described previously (9, 10) . The purity of each protein was greater than or equal to 95% as judged by sodium dodecyl sulfate-polyacrylamide gel electrophoresis followed by Coomassie blue staining.
DNA replication assay. Two types of replication assay were performed. For the basic assay (containing no cellular extract), the reaction mixture (15 l) was 2.7% glycerol; 40 mM HEPES (pH 7.7); 40 mM creatine phosphate (pH 7.7); 7 mM MgCl 2 ; 4 mM ATP; 200 M each CTP, GTP, and UTP; 100 M each dATP, dGTP, and dTTP; 10 M dCTP; 2 mM dithiothreitol (DTT); and 6 mM potassium glutamate. It also contained 2.0 g of creatine phosphokinase, 10.0 g of bovine serum albumin, 5 Ci of [␣-
32 P]dCTP (3,000 Ci/mmol; Amersham), and 35 ng of BglII-digested pAV2DA.
Proteins were added to the reaction mixture in the following order: 6,000 fmol of the UL29 protein, 1,400 fmol of the UL8 protein, 1,200 fmol of the UL5-UL52 complex, 750 fmol of the UL30-UL42 complex, and 700 fmol of HisRep68. The UL29 protein was in 10% glycerol-20 mM HEPES (pH 7.6 [NaOH])-0.5 mM EDTA (pH 8.0)-2 mM DTT-300 mM NaCl and contributed a volume of 0.6 l; the remaining HSV proteins were in 10% glycerol-20 mM HEPES (pH 7.6 [NaOH])-0.5 mM EDTA (pH 8.0)-2 mM DTT-200 mM NaCl and contributed a volume of 2.4 l to the 15.0-l total. The reaction mixture was consequently increased by 2% glycerol, 5 mM HEPES, 0.1 mM EDTA, 0.4 mM DTT, and 44 mM NaCl. The reaction mixture was incubated at 37°C for 4 h.
A second replication assay (containing cellular extracts) was performed as described previously (33) . The reaction mixture (15 l) contained 40 mM HEPES (pH 7.7); 40 mM creatine phosphate (pH 7.7); 7 mM MgCl 2 ; 4 mM ATP; 200 M each CTP, GTP, and UTP; 100 M each dATP, dGTP, and dTTP; 10 M dCTP; 2 mM DTT; 6 mM potassium glutamate; 2.0 g of creatine phosphokinase; approximately 60 g of HeLa cell extract protein; 0.1 g of plasmid DNA (BglII-digested pAV2 or pAV2DA); and 100 ng of HisRep68. Reaction mixtures were preincubated at 37°C for 3 h, at which time Rep68, the six HSV proteins, and labeled dCTP (10 Ci of [␣-
32 P]dCTP [3,000 Ci/mmol; Amersham]) were added. Incubations were continued at 37°C for an additional 16 h.
Both the extract-free and the extract-containing assays were terminated by the addition of 50 l of digestion buffer (20 mM HEPES [pH 7.5], 10 mM KCl, 10 mM EDTA, 1.0% sodium dodecyl sulfate, 50 mM NaCl). Products were passed over a Sephadex 50 spin column and then digested with proteinase K at 1 mg/ml for 2 h at 50°C. Aliquots of the products were separated by electrophoresis on 0.8% agarose gels with Tris-borate-EDTA buffer. The data were analyzed by PhosphorImager (Molecular Dynamics) quantification of dried gels using ImageQuant1.1 software.
Cellular extracts.
Replication extracts from uninfected HeLa cells were prepared as described previously (32) ; the procedure was a modification of that of Wobbe et al. (37) .
RESULTS

DNA synthesis by HSV DNA replication proteins on an AAV substrate is dependent on the AAV Rep protein.
We set out to determine whether purified HSV replication proteins in combination with the AAV Rep protein could initiate DNA synthesis in an AAV origin-dependent manner. We employed a minimal AAV genome, referred to as mAAV, as a substrate. Previous observations have indicated that shorter genomes have a substantial replicative advantage over full-length genomes in uninfected HeLa cell extracts (31) . Consequently, we used a linear AAV minigenome which can be excised from the plasmid pAV2DA. The plasmid pAV2DA had been derived from pAV2 by excising the AAV sequences between nucleotides 235 and 4045 (31) . To create the substrate for the assay, the AAV sequences are separated from vector sequences by digesting pAV2DA with BglII, thereby producing the doublestranded mAAV genome of 870 nucleotides with intact copies of both ITRs as well as adjacent sequences (Fig. 1 ). Also present is an equimolar amount of the vector backbone.
The Rep protein is a His-tagged form of Rep68, produced in and purified from E. coli (29) . The six HSV-1 proteins used in this study (the products of the UL5, UL8, UL29, UL30, UL42, and UL52 genes) were all expressed in and purified to near homogeneity from insect cells infected with recombinant baculoviruses. These six HSV proteins plus the product of the UL9 gene had been shown to constitute an HSV replisome (6, 38) .
We made the assumption that the AAV Rep68 protein might substitute for the HSV-1 origin binding function and direct the activity of the HSV replication complex to the AAV template. Consequently, we omitted the UL9 gene product. Our results show that the complete system is capable of robust synthesis of mAAV DNA (Fig. 1, lane 1) . The vector component, on the other hand, supports only limited synthesis of DNA, suggesting that DNA synthesis was dependent on the AAV origins of DNA replication (Fig. 1, lane 1) . The ratio of newly synthesized mAAV DNA to vector DNA was 10:1. Synthesis of mAAV DNA was largely Rep68 dependent (Fig. 1,  lane 2) . The ratio of newly synthesized mAAV to vector DNA in the absence of Rep68 was 1:5, which corresponds approximately to ratio of the molecular weights of the DNA substrates. The Rep68 protein therefore appears to stimulate synthesis of mAAV approximately 50-fold under these conditions.
Rep68-dependent DNA synthesis by HSV-1 replication proteins requires the AAV ITRs. To test if Rep68-dependent DNA synthesis required the AAV ITRs, which contain the origins of AAV DNA replication, we compared replication of intact mAAV to replication of a template from which the ITRs had been removed (Fig. 2) . Cleavage of mAAV by MscI re- moves almost all of both ITRs, except for the D region (the innermost 25 bases of the ITR). As shown above, intact mAAV readily supported DNA synthesis (Fig. 2, lane 1) . In contrast, very little DNA synthesis was obtained with the truncated version of mAAV referred to as mAAV(ϪITR) (Fig. 2, lane  2 ). These results demonstrate that the ITRs (i.e., AAV origins) are required for Rep68 to direct the activity of the HSV-1 replication proteins to the mAAV template.
Characterization of replication products. The replication products of the basic assay were characterized by restriction enzyme analysis as well as two-dimensional gel electrophoresis. First, an MboI digestion of the replication products was performed (Fig. 3A) . The mAAV genome contains only one MboI restriction site located precisely at its center. Cleavage at this site implies that the products consist of double-stranded unmethylated DNA, demonstrating that both strands are newly synthesized. Furthermore, successful cleavage by MboI indicates that DNA synthesis must have extended at least through one half of the 840-bp mAAV genome. The average extent of MboI cleavage of the mAAV products from three experiments was 37%. In contrast, fewer than 1% of vector sequences were digested despite the presence of 20 MboI sites.
Replication products were also examined by two-dimensional agarose gel electrophoresis (Fig. 3B) . The products were first separated under neutral conditions. In the second dimension, electrophoresis was performed under alkaline conditions. We found that incorporation of labeled nucleotides into the mAAV genome results in production of full-length DNA chains that are essentially free of nicks (Fig. 3B) . Only a small fraction of the mAAV genomes were in a hairpin configuration, as indicated by slow migration in the second dimension. It is likely that synthesis proceeds through a hairpin intermediate but that hairpinned structures in this assay are efficiently nicked by Rep68 (27, 33) . The hairpin molecules remaining have presumably escaped nicking and terminal resolution. A small amount of replication products migrates in the first dimension at a position consistent with their being mAAV dimers. However, their migration during denaturing electrophoresis implies that the molecules are unit-length mAAV genomes, which in the neutral dimension migrate as noncovalently linked tandem molecules. Their presence is suggestive of a terminal resolution step in this assay. It is possible that partial resolution, i.e., Rep-dependent nicking at the TRS followed by partial rather than complete duplication of the hairpin, would give rise to free single-stranded ends derived from the ITR sequences that would permit the formation of noncovalently linked dimers.
Rep-dependent DNA synthesis can be performed by a subset of HSV-1 replication proteins. To examine the contribution of the HSV-1 replication proteins to Rep-dependent DNA synthesis, a set of reactions in which individual components were omitted were performed. In the absence of Rep68, no specific synthesis of mAAV was seen (Fig. 4A, lane 2) . Omission of the HSV-1 DNA polymerase, UL30, and its accessory protein, UL42, eliminated all DNA synthesis (Fig. 4A, lane 4) . Interestingly, the single-strand DNA binding protein ICP8 (encoded by UL29) was required for efficient DNA synthesis (Fig. 4A,  lane 3) . Without the UL29 product, the incorporation of radioactively labeled nucleotides was reduced by approximately 65%. Moreover, the replication products were more heterogeneous (Fig. 4A, lane 3) . The omission of either the UL5-UL52 components of the helicase-primase complex or the UL8 gene product did not reduce total synthesis (Fig. 4A, lanes 5 and 6) . Quantification of the replication products revealed that the omission of the UL5 and UL52 proteins reproducibly resulted in a slight increase of about 25% of the total synthesis of DNA. Possibly, the presence of free UL8 protein may counteract the tendency of ICP8 (the UL29 gene product) to inhibit DNA synthesis at high concentrations (11) .
To investigate further the contributions of the products of the UL5, UL52, and UL8 genes, we tested the effect of removing all three proteins from the assay. In Fig. 4B , a comparison of lanes 1 and 3 shows that Rep68 and the products of the UL30, UL42, and UL29 genes alone result in approximately as much synthesis as Rep68 and the products of all six HSV genes. A comparison of lanes 1 and 2 demonstrates that when the helicase-primase complex is present, the omission of ribonucleotides, which would prevent primase activity, has no significant effect on total incorporation. Taken together these observations suggest that lagging-strand synthesis is not re- 
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USE OF HSV REPLICATION APPARATUS BY AAVquired for production of mAAV DNA. There is also the suggestion that the presence of ribonucleotides can influence the outcome of the synthesis reactions (note the bimodal distribution of products in Fig. 4B, lanes 1 and 3) . Perhaps they affect the availability of divalent cations or modify the properties of Rep68. We also investigated whether the HSV-1 DNA polymerase alone could cooperate with Rep68 and support the production of mAAV DNA. Experiments using Rep68 and the HSV-1 DNA polymerase, consisting of the UL30 and UL42 gene products, were performed in the presence or absence of the single-strand DNA binding protein (the UL29 gene product ICP8). Our results show that in the absence of ICP8 only small amounts of mAAV DNA were produced and that these products were structurally heterogeneous (Fig. 4C, lane 2) . However, the results (Fig. 4C) suggest that even in the absence of the other four HSV proteins, the polymerase-accessory protein complex is able to functionally interact with Rep. Nevertheless there might be no direct interaction or contact between the Rep protein and the UL30 and UL42 products. Rep may simply alter the structure of the ITR in a manner that permits some synthesis by the HSV polymerase and its accessory protein.
The addition of ICP8 resulted in a significant stimulation of DNA synthesis and homogeneous products (Fig. 4C, lane 3) . It seems likely that Rep68 creates primer termini by promoting strand separation of the ends of the DNA template and the formation of hairpin structures (42) . In addition, Rep68 may also act as the DNA helicase, providing the DNA polymerase with access to single-stranded DNA. The UL29 protein, ICP8, would be expected to prevent reannealing of complementary single strands. It is also possible that high concentrations of ICP8 might promote passive unwinding of duplex DNA. It is somewhat surprising that this substrate with BglII ends can serve as a template. The BglII ends would seem to render the 3Ј ends of a hairpin structure unpaired. The ability of the substrate to replicate might be due to the fact that the 3Ј end of a BglII site contains only one base, an A.
Initiation of replication from a substrate containing internal AAV RBS and TRS. The experiments described above do not show that HSV-1-mediated replication can proceed from a single-stranded nick introduced by Rep68 at the TRS. This must happen during the terminal resolution stage of authentic DNA replication. To determine whether replication from the Rep-induced nick is possible, we employed a substrate, pBS-AAV, described previously (29) . This substrate contains the AAV RBS and TRS inserted into the polylinker of the plasmid pBluescript KS(ϩ). The plasmids pKS(ϩ) and pBS-AAV were linearized at the XmnI site. The AAV RBS and TRS were thus located approximately 1,000 and 2,000 nucleotides from the ends of the template molecules (Fig. 5A ). Rep68 greatly stimulated synthesis by the HSV replisome (Fig. 5A, lane 1) . The increase in DNA synthesis of molecules greater than 500 nucleotides in length was approximately 35-fold in comparison to the assay in which Rep68 was omitted, as determined by PhosphorImager analysis. DNA synthesis was dependent on the AAV RBS and TRS sequences (Fig. 5A, lane 4) . Our minimal system consisting of Rep68 and the HSV UL30, UL42, and UL29 proteins gave similar results (data not shown).
An analysis of the products by restriction enzyme digestion, in particular with DpnI and MboI, was consistent with initiation of synthesis in the region of the AAV origin and extension in the expected direction by single-strand displacement (data not shown). Products which migrate more rapidly than the starting substrate during gel electrophoresis appear to result from displacement of newly synthesized strands from the template at certain sequences followed by fold-back synthesis. The products of fold-back synthesis are illustrated in Fig. 5B . Products migrating more slowly than the starting substrate are branched structures, formed by stalling of the replication complex. These results suggest that the DNA replication in this assay is not fully processive and that substantial displacement of the replication complex is occurring at specific positions. Although there is a deficiency in processivity, the results from this substrate and the mAAV substrate show that the HSV-1 replisome is capable of cooperating with the AAV Rep protein to mediate the initiation of DNA synthesis from an AAV origin.
Effects of cellular extracts on Rep-dependent DNA synthesis by the HSV-1 replisome. A question that arises is whether the HSV replication complex can initiate replication at the AAV origin in cells. We have made a first attempt at answering this question by employing a cell-free replication assay that has been used previously to study AAV DNA replication. In that assay a duplex AAV genome and the Rep68 protein are added to an extract made from rapidly growing uninfected HeLa cells. Using the cell extract assay, a limited replication of the full-length genome by Rep68 and cellular replication factors has been observed (33) . Consequently, a problem with the use of the cell extract assay to measure the activity of the HSV complex is simultaneous replication of the AAV constructs by cellular replication proteins. This is especially the case with the minigenome, which replicates quite well in cellular extracts (31) . To distinguish replication by the HSV polymerase from replication by the cellular polymerase, we have used PAA, which specifically inhibits the HSV polymerase (24) . Figure 6A shows PAA inhibition of replication of the AAV minigenome by the six HSV proteins in the absence of extract. Figure 6B shows that in a cellular extract in the absence of the HSV replication complex, the addition of PAA has no effect on the replication of the AAV minigenome, demonstrating that PAA does not inhibit the cell extract polymerase that replicates AAV DNA. We modified the cell extract assay by adding the six HSV replication proteins just prior to the addition of Rep68. Figure  6C shows the results of this assay. With the addition of the HSV replication complex to the HeLa cell extract (lane 2), there is a slight increase in replication of the mAAV. Upon the addition of PAA (lane 4), replication is reduced to the level of that for extract unsupplemented with HSV proteins. These results suggest that with the AAV minigenome, the products of an assay with the HSV proteins and Rep68 are apparently the same in both the absence and the presence of extract from uninfected HeLa cells.
DISCUSSION
Here we have presented results demonstrating the initiation of DNA synthesis in the presence of AAV Rep68 and the products of the HSV-1 UL5, UL8, UL52, UL29, UL30, and UL42 genes that is dependent on the AAV origins of DNA replication. Efficient DNA replication was also seen with a minimal system consisting of Rep68 and the products of the UL30, UL42, and UL29 genes. Surprisingly, while we observed efficient initiation on the duplex AAV minigenome with Rep and the six HSV proteins, we were unable to achieve initiation on the duplex full-length AAV genome with the same seven proteins. In our assays Rep68 apparently creates primer termini either by helicase action at the ends of the doublestranded template molecules or by site-specific endonucleolytic cleavage. In addition, Rep68 most likely acts as the DNA helicase facilitating strand displacement. The HSV-1 DNA polymerase-UL42 complex is able to efficiently utilize primers created by Rep68 but needs the single-strand DNA binding protein (the UL29 gene product) to synthesize long stretches of DNA.
In the case of longer substrates, e.g., pBS-AAV, the products of DNA synthesis were heterogeneous. Molecules of full length were seen, but most products were of less than full length, formed apparently by displacement from the template and fold-back synthesis (Fig. 5B) . The reason for this lack of full-length synthesis is presently unknown but may reflect a requirement for a different stoichiometry of replication factors. It has been shown previously that the activity of an HSV replication complex is very sensitive to the ratios of different factors and Mg 2ϩ concentration (11, 12 ). An alternative possibility is a requirement for an as-yet-unknown cellular factor.
The results shown in Fig. 6 suggest that initiation mediated by the HSV polymerase occurs in the presence of cellular proteins. Therefore, unless processes specific to the intact cell prevent initiation (e.g., the sequestering of AAV DNA and HSV replication proteins in separate nuclear compartments), it is likely that this initiation occurs in the AAV-and HSVcoinfected cell.
Initiation of replication occurred both on a complete double-stranded AAV ITR and on a linear molecule containing a minimal origin, i.e., an RBS and a TRS, located 1,000 nucleotides from the closer end. The latter substrate serves to model the mechanism of initiation that must occur on the ITR during terminal resolution and also that which is predicted to occur on the integrated AAV genome upon its rescue from latency.
Previously, transfection experiments have been used to determine which HSV genes were required for a helper effect. Weindler and Heilbronn showed incontrovertibly that a helper effect could be supplied by a subset of the HSV replication genes, namely, the helicase-primase genes UL5, UL8, and UL52 and the gene for the single-strand DNA binding protein, UL29 (35) . The absence of the UL30 and UL42 genes is somewhat surprising. Weindler and Heilbronn (35) suggested that cellular DNA polymerases were replicating AAV DNA in concert with the HSV single-strand DNA binding protein.
There are several previous examples of the HSV replication complex being affected by the AAV Rep protein, namely, Rep inhibition of HSV DNA replication and HSV-induced gene amplification (1, 15, 17) . There are also examples of HSV replication proteins interacting with non-HSV replication factors. Blumel and Matz (3) and Heilbronn and zur Hausen (14) showed that in nonpermissive hamster cells infected with HSV, replication of simian virus 40 DNA became possible. Lee et al. (21) demonstrated an interaction between the HSV origin binding protein and the cellular DNA polymerase alpha-primase, leading those authors to suggest that cellular replication enzymes might be involved in HSV DNA replication. Taken together, these experiments suggest that the possibilities for cooperation between HSV and non-HSV replication machineries may be rather complex. By analogy, it may be that in the AAV-and HSV-coinfected cell, replication of AAV DNA might be by both cellular and HSV factors acting in concert.
In one model for a helper effect, herpesviruses might help to create subnuclear compartments, perhaps related to the viral prereplicative foci and replication compartments, to facilitate AAV replication. Interestingly, transfection of cells with a mixture of expression plasmids for the UL5, UL8, UL52, and UL9 genes has been shown to localize the single-strand DNA binding protein (ICP8) to punctate sites in the nucleus (23) . It would be of great interest to learn whether replication of AAV DNA might be associated with such foci. We can only demonstrate that ICP8, the UL29 gene product, has a direct stimulatory effect on AAV DNA synthesis. However, there is a well-documented functional interaction between the UL29 and UL8 gene products (10, 11) . It is therefore not unlikely that proper functioning of the UL29 protein during AAV replication in vivo might require assistance from the helicase-primase complex. The use of mutant genes encoding functionally impaired HSV-1 replication proteins that retain their ability to localize appropriately in the nucleus might help determine whether the enzymatic activities of the replication proteins are needed for the helper effect.
In their report, Weindler and Heilbronn noted that the absence of UL30 or UL42 led to somewhat (almost 10-fold) reduced levels of both DNA synthesis and new AAV particles compared to those after transfection of a complete set of HSV replication genes (35) . Those authors used dividing tissue culture cells, and it may be that if the HSV polymerase and its accessory factor are present, they make a significant contribution to AAV DNA synthesis even in the presence of a functioning host cell replication apparatus.
However, the cells most commonly infected by HSV, epithelial cells and neurons, are often nondividing and therefore do not have an active replication machinery. (It has recently been suggested that human epidermal cells may also be the natural host cells for AAV [25] .) Furthermore unlike adenovirus, HSV apparently shuts down host cell functions upon infection (28) . Consequently, the capacity to use the HSV DNA replication machinery may be important for a successful AAV life cycle in vivo. In addition, as noted previously, the HSV life cycle and HSV's possible role as a helper for AAV provide a rationale for a latent phase for AAV in vivo (5) . Upon infecting a neuronal cell, HSV commonly ceases replicating and enters a latent state. The accompanying AAV, no longer able to replicate its DNA, might also be induced to enter a latent state, in its case by site-specifically integrating its genome into chromosome 19 (18) . Factors resulting from or inducing HSV release from latency might also activate a latent AAV.
The findings in this report suggest the possibility of in vitro AAV DNA synthesis for the purpose of gene therapy experiments. This would be of interest if replication of AAV genomes in vitro could be coupled to assembly of viral capsids and production of infectious virions. The production of lessthan-full-length molecules during our in vitro DNA replication assays might, in fact, be in part due to the lack of direct coupling to the later stages of formation of virions. Considering the limited number of gene products involved in AAV DNA replication, it should not be an insurmountable biochemical task to establish a reconstituted system for production of infectious virions.
